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Abstract

The addition of tight functions to sulphur and extrapolation to the
complete basis set limit are required to obtain accurate atomiza-
tion energies. Six different extrapolation procedures are tried. The
best atomization energies come from the series of basis sets that
yield the most consistent results for all extrapolation techniques.
In the variable & approach, a values larger than 4.5 or smaller than
3, appear to suggest that the extrapolation may not be reliable. It
does not appear possible to determine a reliable basis set series
using only the triple and quadruple zeta based sets. The scalar rel-
ativistic effects reduce the atomization of SO and SO, by 0.34 and
0.81 kcal/mol, respectively, and clearly must be accounted for if a

highly accurate atomization energy is to be computed. The mag-




nitude of the core-valence (CV) contribution to the atomization is
affected by missing diffuse valence functions. The CV contribution
is much more stable if basis set superposition errors are accounted
for. A similar study of SF, SF*, and SF¢ shows that the best family

of basis sets varies with the nature of the S bonding.

I. INTRODUCTION

The calculation of accurate bond energies or atomization energies has many im-
portant applications. While there are several approaches to this problem, the common
thread is the determination of the equilibrium geometries and calculation of the zero-
point energies at a modest level of theory (such as density functional theory, DFT),
the calculation of the bond energies using an accurate treatment of the electron éor—
relation problem (such as the coupled cluster singles and doubles approach! with
a perturbational estimate of the connected triples?, CCSD(T)), and a correction to
reach the basis set limit. The inclusion of relativistic effects and core-valence (CV)
correlation are also required for some systems. The largest uncertainty in these pro-
cedures probably comes from the correction for basis set incompleteness, whether the
G2 additive type correction® is used or an extrapolation®™® approach is used. No
approach appears to be fail proof, for example, the usually reliable G2 approach does
not work well for SiF,,, whereas basis set extrapolation works well for these systems7;
while we have shown® that basis set extrapolation, using the standard basis sets, does
not Awork well for SO,.

The (augmented-) correlation-consistent polarized-valence ((aug-) cc-pV) sets,

9712 have been used extensively

which were developed by Dunning and co-workers
in studies that include basis set extrapolation. Extrapolation using the triple zeta
(TZ), quadruple zeta (QZ), and quintuple zeta (5Z) sets has proven to yield accu-

rate bond energies in most cases. However, Bauschlicher and Partridge® showed that
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missing tight functions on sulphur resulted in an inaccurate extrapolation for the
atomization energy of SO,. That is, if a family of basis sets is deficient in some
systematic way, extrapolation will not overcome the deficiency and will therefore not
yield reliable results. This problem is not unique to SO, we have recently found
this also applies to SF,'® and Martin'*'® found it for several additional second-row
compounds. |

In their study, Bauschlicher and Partridge® showed that adding a tight d function
to the cc-pV basis sets significantly improved the atomization energy of SO,. They
suggested that adding two tight d functions to the cc-pV sets would yield an accurate
value; in this work we denote such a series of basis sets as cc-pV+2d. More recently
Martin!® showed that the addition of diffuse functions was also required. However
Martin did not use two tight d functions, but instead used a series where a tight d
was added to aug-cc-pVTZ, a 2d1f set of tight functions was added to aug-cc-pVQZ,
and a 3d2flg set was added to the aug-cc-pV5Z set; we denote this series as aug-
cc-pV+d,2df,3d2fg. Using this series of basis sets in conjunction with a variable o
extrapolation approach, Martin found excellent agreement with experiment for the
atomization energies of SO and SO,. The geometries and anharmonic force fields were
also quite accurate. Martin optimized the geometries at the CCSD(T) level, which
would be impractical for larger systems using such large basis sets. Martin did not
include scalar relativistic effects nor correct the core-valence contribution for basis set
superposition error (BSSE). In addition, Martin did not note that other extrapolation
approaches did not agree well with the value obtained using the variable a approach.

In our very recent study'® of SF,, we used an aug-cc-pV-+d,df,dfg series since
this family of basis sets yielded very similar results for two-point n~3, two-point

6, and variable o approaches. In addition to a consistent

n~*, three-point n™* + n~
extrapolation, this series yielded an SF¢ atomization energy in good agreement with

experiment. This basis set series is similar to the one used by Martin in his SO and




SO, study.

In this manuscript we reinvestigate SO and SO,. We consider different families of
basis sets using several different extrapolation techniques. Our goals being to deter-
mine if one can judge a family of basis sets to be reliable based on the consistency of
the extrapolated results. It is also important to determine if one can find a procedure
where only the TZ and QZ results are required for an accurate extrapolation, since
the 5Z calculations can become very expensive. That is, can one use only the n~3
and n~* extrapolations in conjunction with the TZ and QZ basis sets and be assured

that the results are accurate. In addition, we investigate the importance of the BSSE

correction for the calculations of the CV effect and the magnitude of the scalar rel-

ativistic effect. We also investigate the difference in atomization energy arising from
using the CCSD(T) geometry instead of one determined using the DFT geometry.
We also report results for SF, SF* and SFs to compare the best family of basis sets

for two different types of molecules.

II. METHODS

Geometries are optimized using the hybrid!® B3LYP'7 approaﬁh in conjunction
with the 6-314G* basis set!®. The diffuse functions are added to improve the de-
scription of the ionic component of the bonding. The harmonic frequencies confirm
that the stationary points correspond to minima and are used to compute the zero-
point energies.

The orbitals are optimizeci using the self-éonsistent-ﬁeld (SCF) approach. The en-
ergetics are computed using second order Mgller-Plesset'® (MP2) or the restricted?®?!
CCSD(T) approach, RCCSD(T). In the valence MP2 and RCCSD(T) calculations
only the S 3s and 3p and the fluorine and oxygen 2s and 2p electrons are correlated.
9-12

The basis sets are derived from the aug-cc-pV sets® '2. As discussed previously, it

is necessary to add tight functions to S to obtain a good description of the SF,, and
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SO, species. To account for core-valence (CV) effects, RCCSD(T) calculations are
performed in which all electrons, except the S 1s, are correlated. The basis sets
need to be modified for the calculation of CV effects. The tight functions and CV
modifications are discussed below. The RCCSD(T) calculations are performed using
Molpro 9672, while the B3LYP calculations are performed using Gaussian9423.

To improve the accuracy of the results, several extrapolation techniques are used.

We use the two-point n~3 scheme described by Helgaker et al.®. We also use the

two-point n~*, three-point (n=*+ n~%), and variable a (n) schemes described by
Martin®. Unfortunately it is not possible to perform the RCCSD(T) calculations in
the aug-cc-pVQZ and aug-cc-pV5Z basis sets for very large systems. Therefore it is
sometimes necessary to extrapolate the MP2 results to the basis set limit, and the
question naturally arises, is the best extrapolation method for the MP2 the same as
for the CCSD(T) approach.

The scalar relativistic contribution (+R), the mass-velocity and Darwin terms,
is computed using perturbation theory. These calculations use a complete-active-
space seif-consistent—ﬁeld/ multireference configuration interaction (CASSCF/MRCI)
approach. Only the s and p valence electrons are correlated at the MRCI level. The S

and O valence p orbitals are in the CASSCF/MRCI active space. Internal contraction
(IC) is used to reduce the length of the MRCI expansion. The aug-cc-pVTZ basis set

is used in these calculations, but with the s space complétely uncontracted; for SO,,
the +R correction is 0.12 kcal/mol larger if the normal contracted aug-cc-pVTZ set is
used. The effect of spin-orbit coupling on the dissociation energy is computed using
experiment. For the atoms, we use the difference between the lowest m; component

and the m; weighted average energy?*.




ITI. RESULTS AND DISCUSSION
A. SO and SO,

In order to compare our extrapolated valence numbers with experiment, we must

make some estimate of the core-valence correlation effects. Qur results are summa-

rized in Table I. In 1994, Bauschlicher and Partridge?® computed the core-valence .

effect on the D, of N,. Starting from the cc-pVQZ set, they added one p, two d

and two f tight functions. In present study, the same number of tight functions are

added, but the cc-pVTZ set is used as the starting point. The s and p spaces are
uncontracted. The tight functions are even-tempered with a B of 3.0, but with the
exponénts rounded to the nearest 0.5, as recommended by Martin!®, and is denoted
cc-pVTZ+1p2d2f. The CV effect computed at this level is 0.40 kcal/mol, which is
very similar to the value (0.41 kcal/mol) reported by Martin, despite any differences
in the geometry. The CV effect is reduced to 0.34 kcal/mol if BSSE is accounted for.
Adding the diffuse functions, yielding the aug-pVTZ+1p2d2f set, increases the D,
but reduces the CV effect.

The next two series of calculations use a somewhat different approach for the core-
valence basis set. The sets are derived from the aug-cc-pVTZ and aug-cc-pVQZ sets.
The p space is uncontracted, while the s space is recontracted. For the S TZ(QZ)
basis, the inner 10(11) s functions are contracted to two using the atomic orbitals,
and the remaining functions are uncontracted. For the O TZ(QZ) set, the inner
5(65 s functions are contracted to one function. Since Bauschlicher and Partridge®®
found the tight p function to have a very small effect, it is not included. To ensure

saturation of the tight d space, three tight d functions (8=2.5) are added to the S

and O basis set. Two tight f (3=3.0) are also added to S and O. These sets are

denoted aug-cc-pVTZ+3d2f and aug-cc-pVQZ+3d2f. The aug-cc-pVTZ+3d2f and
aug-cc-pVQZ+3d2f sets yield the same CV effect once BSSE has been accounted




for. These results differ by only 0.02 kcal/mol from that obtained using the aug-cc-
pVTZ+1p2d2f set.

The results for SO, are given in Table II. The cc-pVTZ+1p3d2f results are taken
from Martin'®; note>that Martin added a third tight d function using a 8 of 3.0. The
aug-cc-pVTZ4-3d2f basis set yields a larger atomization energy, but a smaller CV
effect, as found for SO. The aug-cc-pVTZ+3d2f CV value is further reduced if BSSE
is accounted for. Thus the SO, results are consistent with those found for SO, with
our values being slightly smaller than those reported by Martin, as a result of our
including the diffuse functions and accounting for BSSE..

The computed dissociation energies of the X3*¥~ state of SO are summarized in
Table III as a function of basis set. The cc-pV and aug-cc-pV sets are those given
by Dunning and co-workers. The number and type of tight functions added to S are
added to the end of the basis set label. The § for these functions is the lesser of 3
and the B determined using the two tightest functions in the dfiginal basis set.

An inspection of the results yields several obvious conclusions. The BSSE de-
creases and the D, increases as the basis sets are improved from TZ to 5Z. The D,
increases even if the BSSE correction is included. Adding the diffuse functions in-
creases the S(O) BSSE, but decreases the O(S) BSSE; it also increases the D, values.
Adding the tight functions has little effect on the BSSE and increases the D.. The
increase in D, with the tight functions is very large at the TZ level and drops off
quickly with improvement in the basis set, such that the effect of the tight functions
is small at the 5Z level. The first d function has the largest effect. The second d has
a larger effect than the first tight f function. It should also be noted that much of the
effect of the tight functions is observed at the SCF level.

The extrapolated results for the SO D, are summarized in Table IV. The first
line is derived from the results reported by Martin'® using the aug-cc-pV+d,2df,3d2fg

series. We first note the large « and the similar results for the variable a and n=*+n~¢



‘extrapolation techniques. The two-point approaches using the TZ and QZ basis
sets yield results that are larger than three-point values. The cc-pV results show
a large variation with extrapolation approach; correcting for BSSE or adding the .
diffuse functions does not significantly improve the results. Adding the tight functions
significantly improves the agreément between the different extraﬁolation methods.
The aug-cc-pV+d and aug-cc-pV+d,df,dfg results are very similar. The variation
with extrapolation technique is very small for the aug-cc-pV+2d and aug-cc-pV+2df
sets and even the two-point approaches based on the TZ and QZ sets are in good
agreement with the three-point approaches.

Our n~* 4 n~% and variable a extrapolated aug-cc-pV+2d values >are smaller than
those obtained by Martin, but most of this difference arises from using the B3LYP/6-
314+G* geometry (r=1.5156 A), which is longer than the CCSD(T) optimized values.
The final line in Table IV is the aug-cc-pV+2d extrapolation using r=1.49 A, which
is close to the average of Martin’s aug-cc-pVIZ+d and aug-cc-pVQZ+2df results.
At this éeometry, the aug-cc-pV+2d three-point extrapolation values are in excellent
agreement with Martin, but the agreement of the two-point methods with the three-
point methods for the aug-cc-pV+2d series is much better than for the series proposed
by Martin. |

Martin®® has noted that using‘a, cc-pVTZ+d basis set yields a BSLYP geometry
of 1.489 A, which is in much better agreement with the CCSD(T) results. This is also
‘true for the SO, geometry discussed below. Hence the problem with the B3LYP/6-
31+G* geometry appears to be associated with the basis set.

In Table V the extrapolation results for the SO, atomization energy are summa-
rized. The results labeled “Martin” are obtained using his results from the aug-cc-
pVTZ+d,2df,3d2fg series. For this series, the variable « and n—4 + n~® extrapolation
techniques yield similar results, but the agreemenf between these two techniques is

4

not as good as for SO. The difference between the n~2 and n~* approaches using the




TZ and QZ basis set and the three-point approaches is rather large. Clearly for this
choice of tight functions, the 5Z basis set calculation must be performed.

As found for SO, the cc-pV and aug-cc-pV sets do not yield reliable results for
SO,. There is a wide variation in the result depending on the extrapolation tech-
nique. Adding one tight d function improves the agreement between the different
extrapolation methods significantly, but the variation is still a few kcal/mol. When
the second d function is added, the agreement between a]l of the methods is good. Of
special interest is the accuracy of the two-point extrapolation techniques using the
TZ and QZ basis sets. Adding the f function hardly changes the n=% + n~® result or
- the two-point approaches uAsing the QZ and 5Z basis set. The n™> technique using the
TZ and QZ basis sefs improves, but the variable a technique and the n~* technique
using the TZ and QZ basis sets differ by more with the n™* +77° result. Overall the
aug-cc-pV+2d set appears to be the best set. It is somewhat disappointing that the
difference between the two-point methods using the TZ and QZ basis sets is about the
same for the aug-cc-pV+d, aug-cc-pV+2d, aug-cc-pV+d,df,dfg, and aug-cc-pV+2d1f
basis sets. That is the difference between these two approaches does not indicate a
reliable ektrapolation using only the TZ and QZ sets. Thus suggesting that to obtain
very accurate results, it is very difficult to avoid at least some 5Z calculations.

The last basis set test for SO, involves using an atomic natural orbitalz;’ (ANO)
contraction of the cc-pV5Z basis set. We contract the ANO set to the same size
as the cc-pVTZ, cc-pVQZ, and cc-pV5Z sets. The extrapolations using these ANO
contractions are labeled “ANO” in the table. Clearly this is not an improvement
over the original cc-pV series. Thus having tighter functions in the primitive set, but
contracting to the size of a cc-pVTZ set does not improve the results. This is perhaps
not too surprising as most of the effect of the tight d function on the cc-pVTZ set
appears at the SCF level.

As for SO, the B3LYP/6-31+G* geometry (r=1.4656 A and /=118.63°) dif-




fers from the optimized CCSD(T) values reported by Martin. Using r=1.44 A
and /=119.17°, which are close to the average of Martin’s aug-cc-pVTZ+d and
aug-cc-pVQZ-+2df results, increases the aug-cc-pV+2d atomization energy by about
1 kcal/mol. The agreement between the different extrapolation methods is very good,
and much better than found by Martin.

In Table VI we summarize our best estimate for the atomization energies of SO
and 50,. Our extrapolated D, values are taken from the n~*+4n~% extrapolation using .
the aug-pV+2d basis set. We pick these values because this basis set yields the best
agreement between the various extrapolation methods and the n=*+n~% extrapolation
approach shows the smallest variation for the basis sets with tight functions. We
report present work (PW) for both the B3LYP/6-314+G* geometry and the geometry>
derived from Martin’s CCSD(T) results. We first note that our SO extrapolated D,
value for the B3LYP geometry is smaller than Martin’s value, but that our value
at the CCSD(T) geometry is in very good agreement with Martin. For SO, our
- B3LYP value is in very good agreement with Martin, but our value at the CCSD(T)
geometry is 1.3 kcal/mol larger. The effect of spin-orbit is taken from experiment?*
and therefore is the same for both geometries and for the work of Martin. The scalar
relativistic effect, which is computed at the BSLYP geometry, reduces the atomization
energy. The core-valence correction, also computed at the B3LYP geometry, increases
the atomization energy. However, as noted above oﬁr values are smaller than those
of Martin because we have included diffuse functions and accounted for BSSE. Our
zero-point energy (ZPE) is taken from Martin, however, using the B3LYP value would
not chang.e our results significantly. Our Dy values computed using the CCSD(T)
geometries are in good agreement with experiment?®™°. Our values computed using
the B3LYP/6-314+G* geometry are 0.65 and 1.32 kcal/mol smaller .than those using
the CCSD(T) geometry.

For SO, our best value is 0.57 kcal/mol smaller than MAa,rtin; most (0.48 kcal/mol)
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of this difference comes from his neglect of the scalar relativistic effect and overesti-
mation of core-valence correlation. For SO, our best value and that of Martin only
differ by 0.05 kcal/mol, however, this agreement is fortuitous, as Martin neglected the
scalar relativistic effect (—0.81 kcal/mol) and overestimated the core-valence effect by
neglecting the BSSE and did not include diffuse functions in the calculation of the CV
effect (but did include diffuse functions in the valence treatments). Our best atom-
ization energies for SO and SO, suggest that the most reliable extrapolation occurs
for the basis set family with the most consistent results for the various extrapolation

methods.

B. SF, SF+, SF,

In a recent study’® of the thermochemistry of SF,, and its ions, we found, that

~ like SO and SO,, it was necessary to add tight functions to the S atom. For these

systems we used the series aug-cc-pVTZ+d,df,dfg. This series was picked due to the

consistency of the extrapolated results. In this manuscript we report on results for
thé aug-cc-pV+2d sets that worked the best for SO and SO,.

For SF and SF* at the CCSD(T) level, the various extrapolation methods agree
reasonably well, excluding the aug-cc-pV set, which is missing the tight functions.
It would be difficult to pick the best basis set amon.g the aug-cc-pV+d, aug-cc-
pV+d,df,dfg, and aug-cc-pV+2d series based only on the agreement between the
different extrapolation approaches. The aug-cc-pV+2d results are 0.2-0.3 kcal/mol
smaller than the other two series, thus suggesting that even after ﬁnding a series that
yields similar extrapolation results there is some uncertainty in the results.

The MP2 level extrapolation of SFe is given in the bottom of the table. The results
are very similar to those given for SF and SF*, but the differences are magnified by
a much larger atomization energy. The aug-cc-pV results clearly vary too much with

extra.poiation technique to be reliable. While the aug-cc-pV+2d results show the
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smallest difference between the two three-point approaches, the n=2 TZ QZ results
~are 3.08 kcal/mol larger than the n™* + n7° results. The aug-cc-pV+1d and aug-cc-
pV-+d,df,dfg results are reasonably consistent with each other. As with SF and SF*,
the a is larger than 4.5 for the aug-cc-pV+2d series. The results are also similar
to those found for SO, by Martin, where the two three-point approaches agree very
well, but differed from the two-point approaches, and the a was larger than 4.5.
The origin of the difference between the aug-cc-pV+1d, aug-cc-pV+2d, and aug-cc-
pV+d,df,dfg series is not in the description of the correlation energy; for each method,
the extrapolated correlation contribution to the atomization energies are very similar

for all three series of basis sets; for example the n=% 4+n ¢

extrapola.tiqn method yields
296.50, 296.37, and 296.57 kcal/mol, for the three series of basis sets. In addition,
the correlation contribution is very similar for the different extrapolation methods.
The difference between the three basis set families comes at the SCF level, where
the aug-cc-pVQZ+-2d set yields an atomization energy of 226.86 kcal/mol, which is
larger than the aug-cc-pV5Z+-2d value of 226.68 kcal/mol. That is, for this series
reducing the BSSE is more important than basis set incompleteness for the change

from QZ to 5Z, where as for all other basis set improvements, the incompleteness

is larger than the BSSE and hence the SCF atomization energy increases with basis

set improvement. Extrapolation with BSSE corrected values would probably allow
an improved extrapolation, but the 5Z calculations are already very expeﬁsive and
the need to compute the BSSE just makes the problem worse. A comparison of
the various extrapolation techniques appears to detect such problems; perhaps an «
larger than 4.5 is another indication of such a broblem, but that speculation requires
additional testing.

As discussed in detail previously'® the aug-cc-pV+d,df,dfg series results in a heat
of formation of SF¢ that is in good agreement with experiment. The aug-cc-pV+2d

series would reduce the computed value by one kcal/mol, which would improve the
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agreement wi£h one experiment but worsen the agreement with the other. Thus,
unlike SO and SO,, it is impossible to use experiment to decide on the best extrap-
olation approach. It is disappointing, however, that the most consistent results for
SFe¢ and SO, occur for different families of basis sets, but it is encouraging that it is
possible to find a basis set series where the extrapolation is consistent for all of the
methods, and that the result for the most consistent series is in good agreement with

the experiment.

IV. CONCLUSIONS

The extrapolation of the atomization energies to the complete basis set limit has
been studied. We have not found a way of confirming an extrapolation is reliable
using only TZ and QZ results. However, we have found that by comparing the
results of various extrapolation techniques using the TZ, QZ, and 5Z basis set it
appear possible to pick the most reliable basis set series. Using the BBLYP /6-31+G*
geometry introduces about 0.6 kcal/mol per bond error for SO and SO;. Accounting
for BSSE and adding diffuse functions to the valence basis set reduces the effect of
core-valence correlation, but makes the results more consistent for different choices
of basis set. The scalar relativistic effects are sufficiently large that they need to be

considered for second row atoms if accurate atomization energies are required.
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TABLES

TABLE L. The effect of core-valence on the dissociation energy of SO 3Z~, in kcal/mol.

valence
Ccv
A

valence
Cv
A

valence
Cv
A

valence
CvV
A

BSSE

D.

0 without BSSE

with BSSE correction

SCF CCSD(T)

0.04

0.04

0.06
0.06

0.06

0.06

0.01

0.01

0.78

0.83

0.97

1.04

0.97

-1.05

0.33

0.63

SCF

0.23

0.23

0.13

0.13

0.13

0.13

0.05

0.05

CCSD(T) SCF CCSD(T)

cc-pVTZ+1p2d2f
1.13 51.74

1.13 51.74

aug-ce-pVTZ+1p2d2f
0.43 49.89

0.44 49.89

aug-cc-pVTZ+3d2f
0.43 49.90

+0.44 49.90

aug-cc-pVQZ+3d2f
0.24 50.17

0.25 50.17

118.78
119.18

0.40

120.45

©120.78

0.33

120.46
120.81

0.35

122.90
123.47

0.57

SCF

51.47

51.47

49.70

49.70

49.72

49.72

50.11

50.11

CCSD(T)

116.88
117.22

0.34

119.05
119.30

0.25

119.07
119.32

0.27

122.32
122.59

0.27
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TABLE II. The effect of core-valence on the atomization energy of SO3, in kcal/mol.

BSSE D,
S (0] without BSSE with BSSE correction
SCF. .CC_SD(T) SCF CCSD(T) SCF CCSD(T) SCF CCSD(T)
cc-pVTZ+1p3d2f*
valence 245.99 '
Ccv 246.76
A 0.77
aug-cc-pVTZ+3d2f
valence 0.13 2.66 0.38 1.38 115.55 248.85 115.04 244.81
(A" 0.13 2.85 0.38 1.40 115.55 249.58 115.04 245.33
A ) 0.73 0.52

¢ From Martin®.
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TABLE III. The dissociation energy of SO 33, in kcal /mol.

cc-pVTZ

ce-pVQZ

cc-pV5Z
aug-cc-pVTZ
aug-cc-pVQZ
aug-cc-pV5Z
aug-cc-pVTZ+d
aug-cc-pVTZ+2d
aug-cc-pVTZ+2df
aug;cc-pVQZ+d
aug-cc-pVQZ+2d
aug-cc-pVQZ+df
aug-cc-pVQZ+2df
aug-cc-pV572+4d
aug-cc-pVbZ+2d
aug-cc-pV5Z+2df

. aug-cc-pV5Z4-dfg

BSSE D,
0] no BSSE with BSSE
Correction Correction
SCF (T)* SCF (T) SCF (T) SCF (T)
004 071 0.21 1.21 4554 114.35 4529 112.42
0.01 0.27 0.07 0.49 48.08 120.02 48.01 119.26
0.00 0.18 0.01 0.17  49.68 123.02 49.67 122.67
0.06 1.02 0.12 0.64 46.65 116.96 46.47 115.30
0.01 0.37 0.05 0.34  48.46 121.32  48.41 120.61
0.00 0.22 0.01 0.12  49.82 123.59 49.81 123.26
0.06 1.04 0.12  0.65 48.92 119.07 48.74 117.37 ‘
0.06 1.04  0.12 0.66 4950 11959 49.32  117.90
0.06 .01 0.13 0.67 49.75 119.99 49.56  118.31
0.01 0.36 0.05 0.34 49.72 12247 49.66 121.76
001 036 0.05 0.34 50.09 122.81 50.03 122.11
0.01 0.35 0.05 0.35 49.74 122.50 49.68 121.80
0.01  -0.35 0.05 0.35 50.11 122.85 50.05 - 122.15
0.00 0.21 0.01 0.12 50.16 123.90 50.15 123.57
0.00 0.21 0.01 0.12  50.20 123.94 50.19 123.61 -
0.00 0.21 | 0.01 0.12 50.20 123.96 50.19 123.63
0.00 0.21 0.01 0.12 50.16 123.94 50.15 123.61

* Signifies CCSD(T).
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TABLE IV. Extrapolation of SO dissociation energy, in kcal /mol.

Method®

basis® 3 3 4 4 4+6 at

TZ,QZ QZ,5Z TZ,QZ QZ5Z TZ,QZ,5%7 T%,QZ,57Z

Martin? 126.78 126.07 126.12 125.78 125.67 125.60(4.615)
cc-pV 124.16 126.17 123.30 125.46 126.22 129.86(1.813)
éc-pV-BSSE 124.24 126.24 123.20 125.43 126.22 129.32(2.063)
aug-cc-pV 124.50 125.98 123.84 125.44 126.01 128.58(1.872)
aug-cc-pV-BSSE 124.49 126.04 123.68 125.41 126.02 128.41(2.068)
aug-cc-pV+d 124.95 125.41 124.43 125.07 125.30 125.83(2.778)
aug-cc-pV+d-BSSE 124.97 125.47 124.30 125.04 125.31 125.88(2.892)
aug-cc-pV+2d 125.16 125.12 124.67 124.86 124.92  125.01(3.585)
aug-cc-pV+2d-BSSE  125.18 125.19 124.54 124.83 124.93 125.08(3.511)
aug-cc-pV+-2df 124.93 125.13 124.50 124.87 125.00 125.24(3.128)

aug-cc-pV+2df-BSSE  124.94 125.19 124.36 124.84 125.01 125.31(3.155)

aug-cc-pV+d,df,dfg 125.01 125.44 124.48 125.10 125.32  125.82(2.829)
At r=1.49 A
aug-cc-pV+2d 125.80 125.77 125.28 125.49 125.57 125.67(3.559)

¢ The value of signifies the type extrapolation, for example “3” indicates an n~3

extrapolation, “4+6” indicates an n~* 4+ n~® extrapolation, and “a” indicates the
variable extrapolation. The second line shows which basis sets are used in the ex-
trapolation.

b The basis sets are described in detail in the text.

¢ The a is given in parentheses.

4 At the CCSD(T) optimized distance using the aug-pV+d,2df,3d2fg set?s.
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TABLE V. Extrapolation of SO; atomization energy, in kcal /mol.

Method?

basis® 3 3 4 4 446 af

TZ,QZ QZ,5Z2 TZ,QZ QZ5%2 TZ,QZ57 TZ,QZ,5Z

Martin? 262.34 259.93  260.70  259.30 258.81  258.64(5.085)
cc-pV 256.45 262.41  254.34  260.55 262.74  276.32(1.510)
aug-cc-pV 257.10 262.09 255.34  260.54 262.37 273.78(1.507)
aug-cc-pV+d 258.37 ' 260.12 257.17 259.25 259.98  262.26(2.377)
aug-cc-pV+2d 259.16 259.12  258.05 258.51 258.67  258.88(3.559)
aug-cc-pV+2df 258.62 259.13 257.65 258.53 258.84  259.44(3.071)
aug-cc-pV+d,df,dfg  258.60 260.18  257.38  259.32 260.01  261.99(2.484)
ANO 255.28 261.19  253.51 259.52 261.64 278.93(1.229)

At r=1.44 A and /=119.17° _
aug-cc-pV+2d 260.49 260.46  259.32  259.82 259.99  260.24(3.541)

¢ The value of signifies the type extrapolation, for example “3” indicates an n~3

extrapolation, “446” indicates an n™* + n~¢ extrapolation, and “a” indicates the
variable extrapolation. The second line shows which basis sets are used in the ex-
trapolation.

b The basis sets are described in detail in the text.

¢ The « is given in parentheses.

4 At the CCSD(T) optimized distance using the aug-pV-+d,2df,3d2fg set!S.
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TABLE VI. Best estimate for the dissociation energy, kcal/mol.

SO SO,

PW Martin PW Martin

Geometry B3LYP CCSD(T) CCSD(T) BSLYP CCSD(T) CCSD(T)

Extrapolated D, 124.92 125.57 125.62 258.67 259.99 258.64

Spin-orbit -0.78 -0.78 —0.78 -1.01 -1.01 -1.01
Scalar relativistic —-0.34 -0.34 -0.81 = -0.81
Core-valence 0.27 0.27 10.41 0.52 0.52 - | 0.77
Best D, 124.03 124.68 125.25 257.13 258.69 258.40
Zpt® 1.64 1.64 1.64 4.38 4.38 - 4.38
Dy 122.39 123.04 123.61 252.75 251)4.07 254.02
Experimental Do 123.58%°  123.24%°  a53.07%

¢ The zero-point energy is taken from Martin'®. The B3LYP values for SO and SO,

are 1.60 and 4.22 kcal/mol, respectively.
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TABLE VII. Extrapolation of atomization energies, in kcal/mol.

Method?

basis® 3 3 4 4 446 af

TZ,QZz QZ5Z TZ,QZ QZ5Z TZ,QZ57Z TZ,QZ,5%

CCSD(T)
SF ‘
aug-cc-pV | 84.34  84.74  83.88  84.44 84.63  85.08(2.808)
aug-cc-pV+d  84.69  84.44 8427 84.24 84.23  84.22(4.088)
aug-cc-pV+2d 84.76  84.31  84.37  84.14 84.06  84.02(4.698)
aug-cc-pV+ddf,dfg  84.76  84.46  84.34  84.27 84.24  84.22(4.195)
SF+
aug-cc-pV 87.86  88.69  87.24 - 88.25 88.61  89.66(2.461)
aug-cc-pV+d 88.39  88.21  87.85  87.94 87.97  88.00(3.828)
aug-cc-pV+2d 88.52 88.00  88.01  87.78 87.70  87.65(4.555)
aug-cc-pV+d,df,dfg  88.50 88.24  87.95  87.97 87.98  87.98(3.961)

MP2

SFe
aug-cc-pV 522.56 527.89 519.91 525.80 527.88  536.41(2.004)
aug-cc-pV+d 524.62 525.01 522.79 523.96 524.37 525.02(3.331)
aug-cc-pV+2d 525.61 523.59  523.94 522.90 522.53  522.35(4.773)
aug-cc-pV+d,df,dfg  524.86 525.08 523.01 524.04 524.40 524.94(3.414)

¢ The value of signifies the type extrapolation, for example “3” indicates an n~3

® extrapolation, and “a” indicates the

extrapolation, “44-6” indicates an n™* + n~
variable extrapolation. The second line shows which basis sets are used in the ex-
trapolation. ‘

> The basis sets are described in detail in the text.

¢ The optimized « value is given in parentheses.
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